Abstract. Assessing body mass in mammals is of importance as it influences virtually all aspects of mammal physiology, behavior and ecological parameters. However, the assessment of body mass of large mammals is potentially dangerous and logistically challenging. Photogrammetry (measurements through the use of photographs) is a well-established science. In zoology it has been used with varying success to estimate the size and mass of some marine and terrestrial mammal species. However, photogrammetric body mass estimation of terrestrial mammals has received comparatively little attention. This is largely due to species' variable morphological attributes which complicates measurement especially if, for 3D orientation, photogrammetric models are dependent on identifiable features on the animals themselves. Ninety-two individuals belonging to 16 terrestrial mammalian species were weighed and photographed for body mass estimation using a volumetric photogrammetry method, purposely applied with commercially available software. This method is not dependent on identifiable body features for 3D orientation. Measured body mass ranged from 25 kg to 4060 kg. Photogrammetric mass estimates versus physically weighed mass was plotted and the goodness of fit assessed for each species. Body size, shape and physiological attributes influence the accuracy of body mass estimation between species (although consistent within species), largely attributed to morphological features (e.g., hair length and posture). This photogrammetric method accurately estimated the body mass of several terrestrial mammal species. It represents innovative use of photographs to create calibrated three-dimensional imagery for accurate quantification of mammalian metrics, specifically body volume and mass. Advances of a method that is not subject to species, sex or age is advantageous and suitable for wide application in our effort to model population demography.
INTRODUCTION
Broadly applicable indirect monitoring methods are favorable in assessing ecological parameters in many zoological studies (e.g., Berger 2012 , McCallum 2013 , Postma et al. 2013a , Purves et al. 2013 . Such methods aim to: minimize contact and manipulation and thus disturbance of wild animals; attempt to reduce financial and manpower needs, while maintaining accuracy and efficiency; and should preferably allow the collection of large samples of data. Monitoring wild populations of large mammals poses unique challenges to researchers; particularly difficult for data collection being the physical attributes of body mass and size. Knowledge of body mass and size is central to the majority of anatomical, physiological or behavioral life history studies (Alexander and Goldspink 1977) . Change in body mass specifically has regularly been used to quantify individual productivity in both marine (e.g., Postma et al. 2013b ) and terrestrial mammals (e.g., Clutton-Brock et al. 1989 , FestaBianchet et al. 1998 . In general, heavier individuals survive better (Gaillard et al. 1997 , McMahon et al. 2000 and produce larger offspring who gain similar benefits (Postma et al. 2013b , Zedrosser et al. 2013 . Body mass also occupies a central role in thermal regulation, which is coupled to environmental seasonality in that it selects for larger body size, due to increased fasting endurance (Lindstedt and Boyce 1985) . Environmental seasonality seems set to exacerbate due to global climate change (Williams and Martinez 2000) , making it an imperative, amongst other factors, to monitor body mass changes effectively (Purves et al. 2013 ). This rearrangement of ecosystems due to climate change will inevitably have an influence on productivity and survival of wild populations. Changes in the productivity of ecosystems will influence body mass and size of primary consumers such as mammalian herbivores. However, monitoring mass change in wild terrestrial large mammals remains challenging; hampered by inaccessibility, size and behavior of many species. Traditionally, body mass is assessed directly after physical or chemical immobilization of animals, but this procedure is intrusive, costly and labor intensive. Consequently, when even possible, such efforts usually result in limited sample sizes. Researchers and practitioners have looked for alternatives to acquiring these vital data. Advances in modern photography enable the photogrammetric measurement of morphological features (e.g., horns and skeletal dimensions), and mass estimation (Haley et al. 1991 , Bell et al. 1997 , Keith et al. 2001 , Lambertsen et al. 2005 , Ireland et al. 2006 , Schrader et al. 2006 , Waite et al. 2007 , Bergeron 2007 , Rothman et al. 2008 , de Bruyn et al. 2009 , Postma et al. 2013a . Despite the solid methodological foundation prepared by several of these studies, various limitations to multispecies use of photogrammetry persist in zoology. Recent technological advances can possibly aid in building upon components of these previous methods to alleviate some lingering limitations.
Mammals are a varied ecological group and consequently present an array of physical attributes (morphology) that has direct bearing on the applicability of different physical measuring techniques. This challenge therefore allows mammals, or even subgroups hereof, to be used as a model group to test the applicability of multispecies measuring techniques. Even differences in morphological attributes of a set of large (.10 kg adult body mass) mammal species result in difficulty in formulating a single applicable photogrammetric technique for measurement of all. Such biological diversity underlies the variety of species-specific photogrammetric methods generated for zoological use. The challenge is to progress towards a non-specific technique to facilitate comparative studies. To be of value to conservation, photogrammetry should be practical in a wide range of scenarios and provide robust data that can address a range of important questions (Berger 2012) . In short, the method should be applicable to a variety of species.
While several photogrammetric methods use linear measurements (e.g., from paired laser photography; Bergeron et al. 2007 ) to estimate size of animals with great success and applicability, these remain limited in their linear ability to accurately predict volume or mass without additional data for species-specific morphological regression. Two volumetric estimation threedimensional (3D) photogrammetry techniques have illustrated particular potential for multispecies applications able to deliver a range of useful linear and non-linear metrics including volume v www.esajournals.org and mass (Waite et al. 2007 , de Bruyn et al. 2009 ). Both techniques were derived by using pinnipeds as primary target species, utilized different versions of the same 3D modeling software program (Photomodeler Pro) and based volumetric estimations on 3D models derived from the orientation of multiple photographs around the study subjects. Although based on generally similar principles, a small but fundamental difference between these approaches exists. Waite et al. (2007) created 3D models based on the cross-referencing accuracy of orientation landmarks on the study subject (animal) itself, necessitating the use of multiple cameras with simultaneous shutter release stationed around the animal, to effectively 'freeze' the animal in time (i.e., no movement tolerance of the study subject). De Bruyn et al. (2009) were unable to incorporate multiple photographers in their field scenario. This limitation prompted the crossreferencing of stationary landmarks around their study subject to create a highly accurate 3D 'space' unrelated to the study subject, and then modeling the study subject into this 3D space with the use of silhouette tracing. This shift from creating a model based on accurately defined features of the study subject itself to the substrate surrounding the animal was a key methodological advance enabling the method to evolve from a captive controlled environmental application (Waite et al. 2007) to field application by a single camera operator on remote locations (de Bruyn et al. 2009 , Postma et al. 2013a . Perhaps most significantly however, the identity and landmark features of the object to be measured are consequently irrelevant as long as an accurate 3D replica (volume) of the real subject was constructed within a calibrated framework (de Bruyn et al. 2009 ). This advance allows for slight movement of the subject and reduces the number of cameras needed and does not necessarily require modification of the habitat that the study object is located in. However, a lingering limitation is that despite increased tolerance for movement of the study subject (animal) between photographs when using the de Bruyn et al. (2009) Waite et al. (2007) , the use of multiple cameras stationed around a mobile object can overcome this limitation, and assessments for such multiple camera setups in the field are underway (P. J. N. de Bruyn et al., unpublished manuscript). Importantly despite its proposed broad applicability, no quantitative assessment of the accuracy of these two methods for use on a range of mammalian species exists, other than for the two model seal species used to develop the respective methods (Waite et al. 2007 , de Bruyn et al. 2009 ). Clearly, before further research and investment in dealing with the problem of study subject movement (e.g., by multiple-camera setups in the field), the applicability and accuracy of 3D model derived volumetric and mass estimates need to be tested on a larger variety of potential target species.
The aim of this study was therefore to investigate the applicability of the method developed by de Bruyn et al. (2009) , and variations thereof, to assess accuracy in photogrammetric estimation of mass for a range of terrestrial mammals. De Bruyn et al. (2009) proposed application of their volumetric method for mass estimation of other large mammal species, given the irrelevance of the identity of the actual study subject for creating an accurate 3D space for measurement. Incorporation of the narrow total body density range of mammals in general (as a consequence of all mammalian tissue cells being made up predominantly of water) as an underlying constant (Durnin and Womersley 1974, Wang et al. 1999) , should conceivably allow for mammalian volume estimates to be translated to mass estimates if required.
Furthermore, accuracy is assessed here by simulating a multitude of field scenarios imitating variability of natural settings. By virtue of the fact that accuracy of the photogrammetric method could only be verified by comparison to actual physical measures, all species tested here were immobilized. Although this is directly applicable for when large mammals are immobilized in the field, we furthermore discuss how the results here are fundamental to progress towards a v www.esajournals.org unified methodological approach for simple photogrammetric size and mass estimation of different large mammals in their natural environments in general, without physical manipulation.
MATERIALS AND METHODS

Field procedures
Fieldwork was performed at the National Zoological Gardens (NZG) of South Africa and in the Kruger National Park (KNP), South Africa. Photogrammetry (PG; see photogrammetry procedures in Fig , western lowland gorilla Gorilla gorilla (Savage 1847), white rhinoceros Ceratotherium simum (Burchell 1817) and zebra Equus quagga (Boddaert 1785). Animals were immobilized by the local veterinarian for purposes unrelated to the photogrammetry procedures, varying from surgical to pharmacological studies. Photogrammetry was performed opportunistically after the intended veterinary procedures. In captive zoo scenarios, animals were weighed with a calibrated platform scale (AE 202 Indicator; Adams Equipment, UK). In field scenarios, animals were suspended using broad strapping suspension attached to the feet and weighed with a Loadcell, ULP20t (accuracy 0.1%; and Nagata HC-33; accuracy to closest 1 kg). Animal mass was corrected in all cases for additional strapping and stretchers.
Photogrammetry camera calibration
Prior to use for photogrammetry, each singlelens reflex (SLR) camera (Canon 350D, 400D and 450D) and lens combination is calibrated using a calibration grid with coded targets at a set focal length as described in the calibration manual in the Photomodeler Scanner (EOS Systems, Vancouver, British Columbia, Canada) software package (Postma et al. 2013a ). Crucially, the calibration procedure is performed at a set focal length (in our case 18 mm) to ensure repeatability in field scenarios (Postma et al. 2013a) . A structured set of photographs with repeatable settings and parameters are captured, accounting for yaw (e.g., 90 degree rolls) to establish the relationship between the camera body and lens. This is done to ensure the entire field of view is calibrated and to compensate for orthogonal distortion and conversion (Postma et al. 2013a ). For optimal accuracy, auto-rotation, image stabilizer, and red-eye settings of the camera were switched off for both calibration and field use to reduce unnecessary algorithm calculations (''noise'') during processing (Postma et al. 2013a) . In an independent comparison of calibration software packages, Photomodeler Scanner calibration procedure was shown to be repeatable and accurate for close range photogrammetry (Remondino and Fraser 2006 ) . During fieldwork, care was taken to ensure photos were taken at calibrated camera settings. Recalibration is only required if the camera or lens is bumped, badly damaged or rebuilt.
Photogrammetry procedure
All subjects could be moved to an even substrate, which made analysis constant (see de Bruyn et al. 2009 ). All animals were in their natural resting position, ruminants on their sternum, primates on their backs, and carnivores and non-ruminants in lateral recumbence. Following weighing, each animal was photographed v www.esajournals.org distributed around the subject to minimize analysis time by simplifying the identification of markers for cross-referencing (see photogrammetric estimation of volume section). Natural markers such as stones and branches can also be used as substrate markers (see de Bruyn et al. 2009 ). Color coded PVC pipes (2 m) were marked in increments of 50 cm to serve as calibrated scale measure. Importantly, the whole animal and all the substrate markers were included in each photograph where camera angles allowed (see de Bruyn et al. 2009 for allowable alterations). Care was taken during the photogrammetric procedure to ensure no markers were disturbed between photographs taken by the single photographer moving around the subject.
In an independent, stringent evaluation of this software, Deng and Faig (2001) confirmed the high level of accuracy in the creation of the relevant 3D space, justifying its use especially for digital close-range (i.e., 30 m; i.e., not remote sensing) photogrammetry.
Photogrammetric estimation of volume
Three-dimensional models (based on each of the PG projects) were built using the de Bruyn et al. (2009) method for estimation of body volume and mass. Volumetric estimation procedures were executed using the commercially available 3D modeling package Photomodeler Scanner. From the digital photographs, a 3D spatial model was created using fixed points on the substrate around the animal. These were manually cross-referenced between photographs to create a 3D map of the surrounding substrate. Photographs were sequentially added and manually cross-referenced (starting with three photographs) to ensure maximum orientation precision. The success of a project was evaluated by referring to the software's calculated overall root-mean-squared (RMS) precisions value (pixels) after the addition of each photograph. This marking residual indicates a residual error for each marked point on the photograph (difference between where one places the mark, as facilitated by substrate markers, and where the program expects the mark to be based on the camera calibration information). The mean of marking residuals (hereafters RMS) is considered the best indicator for project quality (Deng and Faig. 2001, de Bruyn et al. 2009 ; Photomodeler Scanner help files). Once three photographs are orientated with an acceptable RMS (,5.0) and anticipated (by the software) processing quality based on various parameters (including number and spacing of substrate markers) is high (between 3 and 5) the project is processed (de Bruyn et al. 2009 ), after which the procedure is repeated until 13 photographs are included to complete a project. Mapping of the landmarks surrounding the subject contributes to the methods' robustness, as substrate markers remain unmoved between photographs, whereas living (even immobilized) animals are not absolutely still between photographs (breathing, sneezing, etc.). Once all photographs in a project are orientated, the silhouette (outline) of the animal was sequentially traced for each photograph and crossreferenced between photographs to shape the model of the subject (Fig. 1) . A series of volumetric measurements were taken after the addition of each new silhouette within a project, to assess when an asymptote is reached. Scale was added by placement of a known length object (2 m long PVC pipe) near the subject so as to be visible in most photographs (see de Bruyn et al. 2009 ; Fig. 1 ).
Mass estimation: digestive groups vs. species
The optimum number of photographs to be included in a photogrammetry project was determined for each species by adding photographs to the project until the estimated volume remained constant (Fig. 2) . Volume estimates of each individual animal obtained from Photomodeler Scanner was multiplied by a coefficient (1010 kg/m 3 ); the mean total body density of healthy mammals regardless of total body fat content (Durnin and Womersley 1974 , Wang et al. 1999 , de Bruyn et al. 2009 , to obtain body mass:
The deviation in mass estimate (ME) from photogrammetry volume (kg; % overestimate/ percentage error) was calculated for each individual. Consistency of overestimation (percentage overestimate) between individuals within a digestive group was used to assess accuracy of projects. Distinction was made between; foregutand-hindgut fermenters, carnivores, primates v www.esajournals.org and ruminants. Consistency in percentage overestimation in groups, advocates a group specific predictive equation, to correct for such constant overestimation (Table 2) . Group specific predictive equations (GPE) were calculated as:
where MBM is measured body mass. Group specific predictive equations were applied to ME to calculate group specific predicted body mass (GPBM):
PBM ¼ ME À ½ME 3 ðGPE 6 SDÞ:
Further distinction was made by dividing digestive groups into species to address variation in GPBM percentage overestimation in carnivores and ruminants (Table 2) . Species-specific predictive equations (SPE), Eq. 4, were calculated for 13 species, excluding bongo, pygmy hippopotamus and Bengal tiger (n ¼ 1) which were excluded for lack of standard photograph angles (Table 3) .
Predictive values were applied to each species, Eq. 5, to obtain species-specific predicted body mass (SPBM):
SPBM ¼ ME À ½ME 3 ðSPE 6 SDÞ: ð5Þ
Missing silhouettes
A combination of photographs were systematically removed from each project (e.g., frontview, back-view and front-view, one whole side view) to imitate field scenarios where natural obstacles prevent photographs from certain v www.esajournals.org angles being taken ( Fig. 1; Table 4 ). This enabled the simulation of different field scenarios (n ¼ 18, for animals smaller than 300 kg and n ¼ 20, for animals larger than 300 kg) per individual. Predictive equations for each scenario (Appendix A: Tables A1 and A2) could be calculated for each species as illustrated in Eq. 2.
Statistical analysis
The program R, version 2.13.1 (R Core Team 2011) was used for statistical analysis. Normality was tested using a Shapiro-Wilks test, and if absent, data were log transformed. An implementation of the Grammar of Graphics (ggplot2; Wickham and Chang 2013) was used for graphic illustration. Analysis of variance (ANOVA) was used to assess percentage overestimation (after log transformation) between different digestive groups, followed by a post hoc Tukey HSD test. Photogrammetrically predicted species mass estimates (PBM) versus physically weighed mass (MBM) was plotted to calculate the coefficient of determination. To assess PBM accuracy within species if data were normally distributed, t tests were used; conversely a Wilcoxon test was performed. Predicted body mass was compared to MBM (regardless of species) with a KruskalWallis test. An F test for variance was applied between percentage GPBM and SPBM if data were normally distributed; conversely a Wilcoxon test was performed. Significance was set at p , 0.05, and means are reported with standard deviation (SD).
RESULTS
Measured body mass ranged from 25 to 4060 kg (Tables 2 and 3) . Results indicate a robust mass estimation method. Despite overestimation, mass was consistently predicted within narrow confidence limits allowing simple and confident correction. Predicted versus actual measured mass estimations showed a strong linear relationship (R 2 ¼ 0.91-0.99, depending on the species).
Different digestive groups PBM vs. species PBM
Percentage overestimation within digestive groups ranged from 11.8% to 32.0% and variation 11, 12 9 10, 11, 12 8 9, 10, 11, 12 7h 6, 9, 10, 11, 12 7f 1, 9, 10, 11, 12 7b 5, 9, 10, 11, 12 7s 7, 9, 10, 11, 12 6a 2, 6, 9, 10, 11, 12 6b 3, 4, 9, 10, 11, 12 6c 3, 7, 9, 10, 11, 12 6d 1, 4, 9, 10, 11, 12 6e 6, 8, 9, 10, 11, 12 5a 6, 7, 8, 9, 10, 11, 12 5b 1, 2, 8, 9, 10, 11, 12 5c 1, 2, 3, 9, 10, 11, 12 4a 1, 2, 3, 4, 9, 10, 11, 12 4b 1, 2, 7, 8, 9, 10, 11, 12 3a 1, 2, 3, 4, 5, 9, 10, 11, 12 3b 3, 4, 5, 6, 7, 9, 10, 11, 12 Note: Photo scenario refers to the number of photos used in the model and letters refer to which combinations of angles are excluded from the PG model (Figs. 1 and 7) . v www.esajournals.org (SD) around overestimation ranged from 63.4% to 64.9% (Table 2 ). Significant differences were present between digestive groups' percentage overestimation (calculated from ME, before correction; ANOVA; Table 5 ). No significant difference was present between PBM and MBM in any digestive groups ( p ¼ 0.79-0.98, depending on group; Table 6 ). However, variance in percentage PBM error is double for ruminants and carnivores (mean 0.58 6 7.8% and À0.89 6 7.18%) to that of primates and fore-and-hindgut fermenters (0.133 6 3.772%, 0.079 6 3.213% and The species ME equation consistently overestimated the mass of individuals within a species, with little variation in the percentage overestimation between individuals (Fig. 4) . Species percentage overestimation ranged from 11.4% to 48.6% and variation (SD) around overestimation ranged from 60.1% to 65.4%. No significant difference was present between PBM and MBM in any species (ranging from p ¼ 0.53 to p ¼ 0.99, depending on species) ( Table 7 ). The goodness of fit for species PBM was assessed by the coefficient of determination from a linear model; photogrammetric predicted mass estimation (PBM) versus physically measured body mass (MBM; Fig. 5 
Missing silhouettes
The optimal number of silhouettes (maximum of one per photograph) required to provide an accurate 3D model (once cross-referenced between photographs) of animals weighing less than 300 kg, was 10 (Fig. 2) . Larger animals such as white rhinoceros and African elephant required 12 cross-referenced silhouettes to provide an accurate mass estimation (Fig. 2) . PBM accuracy improved with increased number of photographs (Fig. 7) . Species-specific corrective equations for specific missing silhouettes scenarios and mass overestimation (e.g., 3a, 5b, 7h, etc.; Appendix A: Tables A1 and A2) decreased with an increase in number of photographs crossreferenced per animal (Appendix B).
DISCUSSION
Application of the de Bruyn et al. (2009) method to 16 terrestrial species showed similar findings to the original southern elephant seal application. The volume of individuals within each species was consistently overestimated by the method; however the extent of the overestimation differed among digestive groups and from that of the southern elephant seals. This variance is consistent with the described range of species specific photogrammetry methods linked to the varied species morphologies (e.g., limb length and fur thickness, etc.). Importantly, v www.esajournals.org although there was variation in volumetric overestimation among different digestive groups, there was little variation between individuals within each digestive group, with the exception of carnivores and ruminants. Variation within carnivores and ruminants necessitated the application of a species-specific predictive equation rather than a group-specific equation. Consistency within species supports the application of species-specific predictive equations that provide confident correction to estimates (Table 3) . Thus, the same field method can be applied to any species and accurate volume and mass estimates can be obtained provided that initial calibration is done with known mass individuals for a species that has not been sampled previously.
In essence then, we find support for the proposed multispecies application of the de Bruyn et al. (2009) method, but also show that species-specific calibration (i.e., photogrammetry 3D model derivatives compared to actually weighed individuals) remains important for accurate application to some species. Encouragingly, we do show congruence in estimates from species of similar functional/digestive groups. We explored the advantages and limitations of this photogrammetric method in a controlled environment. The systematic removal of silhouettes from models enabled us to simulate potential field scenarios (n ¼ 20) where certain camera angles may not be available for an individual in the field. Missing silhouettes result v www.esajournals.org in an overestimation of the extent of the object, due to an insufficient number of angles to allow the software to accurately define the 3D model of the animal. High angled photographs are especially useful; these enable the software to define limbs realistically. The combination of the front and back silhouettes (Fig. 7: 6c, Table 4 ) are essential in a 3D model to accurately assign PBM. Realistic and accurate PBM could be achieved from six silhouettes; but accuracy increased with the number of silhouettes cross-referenced.
The accuracy of the method did not vary with sample size, species with a small number or large number of samples showed similar R 2 values for PBM versus MBM (Arabian oryx n ¼ 3, R 2 ¼ 0.99; and white rhino n ¼ 26, R 2 ¼ 0.99). The only species with an R 2 lower than 0.95 (PBM vs. MBM) was the Red river hog. However the percentage PBM error for this species is small (mean ¼ 0.102; SD 63.019%). Furthermore, even mammals with complex body morphology (e.g., primates) could be accurately assessed. The method is especially useful for large mammals (e.g., rhinoceros and elephants), which are always difficult to weigh, even in captive or manipulated scenarios. The method accuracy is however subject to the visibility and resultant cross-referencing of substrate markers for orientation of photographs in 3D space. Substrate markers can be obscured in a field scenario either by the subject itself, (e.g., elephants, due to their large size) or by natural obstacles (e.g., trees, grass and rocks), and the photographer needs to bear this in mind while taking photographs in the field.
Evidence that (1) multiple cameras can be used with simultaneous shutter-release to effectively 'freeze' a mobile animal in time (Waite et al. 2007) , combined with (2) the ability to use substrate and surrounding environment to accurately define a 3D space (de Bruyn et al. 2009 ) and (3) support for multispecies assessment with a single technique, provide promise for the development of a truly field orientated setup Fig. 7 . Species-specific coefficients of determination: values are the result of linear regression fit of measured mass to predicted photogrammetric body mass. Number of cross-referenced silhouettes is represented by the numbers on x-axis, alphabetic letters following number of cross-referenced silhouettes represents specific scenarios (specified Table 3 ) with amount of silhouettes specified. Species with only two samples were excluded.
v www.esajournals.org capable of remotely assessing morphometrics, body volume, size and mass of multiple mammalian species without immobilization or manipulation. Already, given an immobile subject (e.g., during veterinary procedures in remote field locations) the technical merits of this photogrammetry method are numerous: including (1) accuracy of mass estimation, (2) single operator is required, which facilitates the ease of field work (3) light-weight portable equipment that facilitates field use, (4) no need for exactly delineated camera positions and/or distances, as long as the subject is photographed from various angles.
CONCLUSION
This method provides significant progress towards accurately assessing body mass of a wide variety of terrestrial mammals with the use of photographs. The ability to estimate the body mass of any animal by using a single photogrammetric method would be useful to biologists conducting research in remote areas or with limited research budgets. The knowledge field is poised for future developments in ascertaining the technical feasibility of a multiple-camera field setup that incorporates these and earlier findings for truly 'hands-off' collection of morphometric, body size and mass information for wild mammals. Furthermore, incorporating 3D camera photogrammetry and conventional camera trapping could allow photographic mark-recapture of individuals with the addition of size/mass covariates to facilitate population demographic modeling. This method provides fundamental progress towards wide application and contribution of vital life history parameter data for research efforts focused on monitoring populations and ultimately ecological interactions.
